Turkish Journal of Electrical Engineering and Computer Sciences
Volume 28

Number 5

Article 15

1-1-2020

Harmonic effects optimization at a system level using a harmonic
power flowcontroller
REZA MEHRI
HOSSEIN MOKHTARI

Follow this and additional works at: https://journals.tubitak.gov.tr/elektrik
Part of the Computer Engineering Commons, Computer Sciences Commons, and the Electrical and
Computer Engineering Commons

Recommended Citation
MEHRI, REZA and MOKHTARI, HOSSEIN (2020) "Harmonic effects optimization at a system level using a
harmonic power flowcontroller," Turkish Journal of Electrical Engineering and Computer Sciences: Vol. 28:
No. 5, Article 15. https://doi.org/10.3906/elk-1811-176
Available at: https://journals.tubitak.gov.tr/elektrik/vol28/iss5/15

This Article is brought to you for free and open access by TÜBİTAK Academic Journals. It has been accepted for
inclusion in Turkish Journal of Electrical Engineering and Computer Sciences by an authorized editor of TÜBİTAK
Academic Journals. For more information, please contact academic.publications@tubitak.gov.tr.

Turkish Journal of Electrical Engineering & Computer Sciences
http://journals.tubitak.gov.tr/elektrik/

Research Article

Turk J Elec Eng & Comp Sci
(2020) 28: 2586 – 2601
© TÜBİTAK
doi:10.3906/elk-1811-176

Harmonic effects optimization at a system level using a harmonic power
flow controller

1

Reza MEHRI1 , Hossein MOKHTARI2,∗
Department of Engineering, College of Electrical Engineering, Tehran Science and Research Branch,
Islamic Azad University, Tehran, Iran
2
Department of Electrical Engineering, Sharif University of Technology, Tehran, Iran

Received: 27.11.2018

•

Accepted/Published Online: 03.04.2020

•

Final Version: 25.09.2020

Abstract: Increase of nonlinear loads in industries has resulted in high levels of harmonic currents and consequently
harmonic voltages in power networks. Harmonics have several negative effects such as higher energy losses and equipment
life reduction. To reduce the levels of harmonics in power networks, different methods of harmonic suppression have
been employed. The basic idea in all of these methods is to prevent harmonics from flowing into a power network at
customer sides and the point of common coupling (PCC). Due to the costs, none of the existing mitigating methods
result in a harmonic-free power system. The remaining harmonic currents, which rotate in a power network according to
the system impedances, may not necessarily result in an optimum harmonic power flow in terms of harmonic undesirable
results such as harmonic losses or harmonic over voltage/current due to possible resonances. This paper proposes a new
method to control the flow of the remaining harmonics at a power system level such that the effects of harmonics such as
losses are optimized. This task is achieved by the use of series active power filters controlled in a different manner from
their conventional methods. In this new application, the series active power injects a controlled harmonic voltage into a
power system (e.g., a line, transformer, or other elements) to control the harmonic current (power) flow such that the
overall performance of the power system is improved in terms of harmonic effects. The series active power filter in this
new application is named as harmonic power flow controller (HPFC). In this paper, the theory, structure, applications,
and the basics of the control method of a HPFC are described. To investigate the effects of the HPFC on the power
network harmonics, an HPFC is used in the 14-busbar IEEE test system. To make the proposal more practical, an
HPFC is designed for Iran north-west transmission system to alleviate the harmonic problem in this region. Simulations
are carried out to show the effectiveness of the HPFC. Simulation results show that the HPFC can control the harmonic
currents (power) and voltage consequently. In this paper, several control algorithms for an HPFC are also considered to
achieve the desired harmonic voltages levels.
Key words: Current harmonic flow, harmonic power flow controller, harmonic voltage control, minimum apparant
power injection, zero active power injection

1. Introduction
Harmonic currents and voltages have been increasing in power networks due to the increase of nonlinear loads
in electrical networks. Increase of harmonic in power systems has caused several effects such as inefficient
performance, lifespan reduction and performance failures in the elements of a power system such as transformers
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and capacitor banks. Additionally, the increase of harmonics results in higher losses in electrical equipment and
may cause large voltages/currents due to possible parallel/series resonances.
Several solutions have been proposed to attenuate harmonics in power networks. Structural considerations, network regulations, development of equipment with low supply current distortion and installation of
harmonic suppressors are different levels of distortion prevention methods [1]. Active and passive harmonic
filters are used to mitigate current and voltage harmonics [2–5]. They are normally connected at load buses in
order to achieve the best harmonic mitigation [6–9]. Although, engineers try to mitigate harmonics as much as
possible, they are still present in power distribution/transmission networks for the following reasons.
1. Some sources of harmonics are domestic/commercial loads which share a distribution transformer. In
such cases, normally no harmonic filters are used.
2. While large industries tend to use harmonic filters, small-scale industries may not be interested in
investing on harmonic-mitigating equipment considering the fact that they are not forced to pay for the harmonic
currents losses. Also, parts of the harmonics in power systems are due to large quantities of low power loads
such as CPFLs whose cumulative harmonic effects appear at high voltage levels.
3. Even in case of using harmonic-mitigating equipment, the level of harmonic currents/voltages are
reduced to a standard level. Therefore, the upstream network will never be harmonic free [10,11].
4. The injected harmonics into a distribution/transmission network cannot be easily absorbed by shunt
harmonic filters due to the high short circuit levels in such networks [2].
The remaining harmonics in distribution/transmission networks flow according to the network series or
parallel impedances, and therefore, no direct control exists on the harmonic flows.
As a consequence, harmonic losses may not be minimized in the system due to the fact that both line
resistance and reactance affect the harmonic current flow. It can also be concluded that lines reactances play
a more important role than lines resistances because a) normally in distribution systems and especially in
transmission systems, the reactance term is larger than the resistive term, and b) the rate of the increase of an
inductive impedance due to the increase of harmonic orders is higher than that in a resistive impedance (skin
effect).
The conclusion is that uncontrolled flow of the remaining harmonic currents in upstream networks may
not result in either an optimum operation of the system from the efficiency point of view or from a safe operation
of the equipment. The question now is ”can we force the remaining harmonic currents in power systems to flow
in a desired way such that the harmonic effects in the power system (losses or equipment insulation failures)
are minimized?” This paper, for the first time, proposes a new application for series active power filters to
answer that question. Series active filters have been already used to reduce harmonic at a source side. The
difference is that now, a voltage harmonic term is deliberately injected by the filter into a network to force the
harmonic currents to flow through a desired direction. Therefore, the series active power filter plays the role of
a harmonic power flow controller or HPFC. One can also think HPFC as a harmonic phase shifter as compared
to a conventional phase shifter. A phase shifter controls a power flow at the fundamental frequency, while an
HPFC controls a power flow at a harmonic frequency.
The structure of this paper is as follows: In Section 2, the structure and configuration of an HPFC is
presented. Section 3 studies the performance of an HPFC and investigates its effect on the system harmonic
voltage and power losses. The test system is the IEEE 14-bus test bed. The effect of the injected harmonic
signal on the objective function is also studied in this section. In Section 4, the basics of the control methods
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that are applicable to an HPFC are described. Section 5 designs an HPFC system for a real harmonic problem
in Iran north-west transmission system. All the simulations are carried out by MATLAB and DIgSILENT
softwares. Finally, Section 6 summarizes the conclusions.
2. HPFC fundamentals and structure
To control the flow of current harmonics in a nonradial or a loop network, an HPFC needs to have the capability
of (i) controlling the magnitude and the angle of the series injected harmonic voltage, and (ii) measuring the
current and voltage harmonics of the series element. Therefore, an HPFC can be considered as a series static
converter that detects the current harmonics and injects a suitable voltage harmonic via a series transformer.
Figure 1a shows a circuit diagram of an HPFC on a sample line. The HPFC is composed of three parts; a
voltage source converter (VSC), an energy storage element, and a series transformer. In this configuration, the
voltage harmonic term is generated by the VSC and injected through the series transformer into the grid. It
can be seen from Figure 1a that an HPFC has the same power circuit configuration as a series active filter or a
dynamic voltage restorer (DVR) [12], but operated with a different control strategy.
Similar to the presag/in-phase control of a DVR, an HPFC can be controlled in such a way that an active
power is exchanged between the HPFC and the system. Note that in the case of an HPFC, the injected voltage
is a harmonic term, and therefore, the exchange of power occurs at a harmonic frequency. In this case, the size
of the HPFC may be minimum, but the dc link of the HPFC needs to have an energy storage system or have a
configuration shown in Figure 1b.
Vs

Vr

HPFC

Voltage Source
Converter

Vs

Voltage Source
Converter

(a)

Vr

HPFC

(b)

Energy Storage
Unit

Energy Storage
Unit

Voltage Source
Converter

Figure 1. HPFC circuit diagram on a sample line, a) without active power exchange, b) with active power exchange.

If an HPFC is controlled such that no active power is exchanged between the HPFC and the grid, no
energy storage system or no extra VSC is required. This can be compared to the energy-minimized compensation
method of a DVR. In this method, no energy storage is needed, but the size of the HPFC is not minimal.
For conceptual and steady-state analysis, the HPFC is an application of a series active power filter that
is modeled as a series harmonic voltage source whose amplitude and angle are controllable. Figure 2 shows an
equivalent model of the HPFC. In this model, the amplitude and the angle of line current harmonic ( Ih ) can
be controlled by the amplitude ( Vhpf c ) and angle ( θh ) of the HPFC output.
Vsh <0

HPFC

Vhpfc<φh

Zh

Vr h <αh

I h <θh

Figure 2. HPFC equivalent model with no active power exchange with the network.
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3. HPFC conceptual performance study
This section tries to conceptually show that the HPFC proposed idea is feasible. The detailed control algorithm
is described in the next section. To study the performance of the HPFC conceptually, an HPFC is located on an
IEEE 14-busbar test system [1,10,12]. Figure 3 shows the system under study. The study is performed for only
the 5th harmonic which is normally the dominant harmonic in power networks. Clearly, the proposed concept
can be extended to other order harmonics or even combination of several harmonics.
13
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11

10

6
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5

8
7

4

HPFC
2

3

Figure 3. The 14 busbar test system, an HPFC, and the harmonic source [8].

As Figure 3 shows, an HPFC is placed in the feeder between buses 1 and 2. It is worth nothing that
finding the minimum number of HPFCs and their best locations to acheive the best harmonic flow solution
require an extensive work which cannot be included in this paper, and are left for future studies. Table 1
lists the values of the linear and nonlinear loads in the system. Figure 4 shows the 5th harmonic content in
the system under study at normal conditions when an HPFC is employed. The HPFC injects a 5th harmonic
voltage ( Vhpf c ) in the line between buses 1 and 2. The amplitude of the injected voltage is changed from 0.2%
to 1%, and the angle of the injected signal is changed from 0 ◦ to 360 ◦ .
Table 1. Specification of the 5th harmonic loads under study [8].

Bus No.
Mag. (%)
Angle (◦ )

4
10
5

5
20
10

8
20
30

9
15
10

10
10
80

11
25
50

12
20
30

13
15
20

14
20
30

Figure 4 shows the harmonic current in the same line, and Figure 5 shows the 5th harmonic voltage at
bus 1 as the result of the inclusion of the HPFC. The results show that the voltage and the current harmonic
values can be controlled by the amplitude and angle of the HPFC.
Figures 6 and 7 show the active and reactive powers flow between the HPFC and the line. It is clear that
the flow of harmonic active power depends on the angle and the amplitude of Vhpf c . For specific Vhpf c angles
(135 ◦ , 315 ◦ ) and different HPFC amplitudes, the exchanged harmonic active power is zero.
3.1. Transformer loss and age control
The total losses of a transformer are determined by no-load, copper and stray losses. The stray losses are
subdivided into winding stray losses ( PSL ) and stray loss in the components other than the windings ( POSL ).
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Voltage harmonic of the Sending busbar[Busbar no.1]
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Figure 5. Harmonic voltage at bus no.1.
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Figure 4. Harmonic current in the HPFC line.
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Figure 6. Harmonic active power flow between the HPFC
and the line.

Figure 7. Harmonic reactive power flow between the
HPFC and the line.

According to IEEE Std C57.110-1998, harmonic currents flowing through transformers increase the total loss of
transformers. PSL and POSL are proportional to the square of load currents. For a nonsinusoidal load current,
PSL increases at a rate proportional to the square of the frequency, but POSL increases by harmonics with
an exponent factor of 0.8 [13, 14]. For liquid-filled transformers, the top oil rise ( θT O ) and the conductor hot
spot rise ( θg ) will increase as the total load losses increase with harmonic loading. Any increase in other stray
losses ( POSL ) will primarily affect the top oil rise. It is convenient to define FHL and FHL−ST R factors which
correspond to the winding eddy losses and other stray losses proportionally. Harmonic loss factor ( FHL ) is the
ratio of the total eddy-current losses due to harmonics, ( PEC ), to the eddy-current losses at the power frequency
when no harmonic currents exist,( PEC−0 )[13]. Other harmonic stray loss factor ( FHL−ST R ) is the ratio of the
total other stray losses due to harmonics ( POSL ) to the total other stray losses at the power frequency when
no harmonic currents exist ( POSL−R ) [13].
The top oil rise and conductor hot spot rise and hot spot rise in oil-filled transformers may be estimated
as a function of, θA , which is the ambient temperature of the transformer.
θH = θT O + θg + θA .
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The aging acceleration factor ( FAA ) , which shows the rate of the transformer aging acceleration, may
be estimated using (2) and (3). The life time of a transformer may be estimated by FAA with respect to the
rated life time [15, 16].
[

FAA = exp

Real life =

15000
15000
383 − θH +273

]

(2)

.

Normal insulating life
.
FAA

(3)

When a current harmonic flows through a transformer, the total hot spot temperature and FAA will
increase. When FAA exceeds 1, the transformer real life time will decrease [17].
In the system shown in Figure 3, the HPFC is moved to the transformer between buses 5 and 6. Now,
the HPFC injects a 5th harmonic voltage at Bus 5 or 6 side of the transformer. The amplitude of the injected
voltage is changed from 0.2% to 1% , and the angle of the signal is changed from 0 ◦ to 360 ◦ . Figure 8 shows
the transformer power losses when an HPFC controls the harmonic current of the transformer. Figures 9
and 10 show the hot spot temperature and the aging variation factor of the transformer due to the HPFC. This
simulation shows that by the HPFC, the power loss, the hot spot temperature and the age of the transformer
can be affected. When the HPFC injects 1%∠240◦ harmonic voltage, the hot spot temperature decreases to
110 ◦ and FAA decreases to 1. The high values of the injected voltages in Figure 8 are not practical. These
values are just used to show the main concept.
−4

Hot Spot Temperature of Trans 5−6 (Degree)

Harmonic Power Loss of Trans 5−6,[Sbase=100MVA]

x 10

116

|Vhpfc|=0
|Vhpfc|=0.2%
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|Vhpfc|=0.6%
|Vhpfc|=0.8%
|Vhpfc|=1%

7

6.5

6

|Vhpfc|=0
|Vhpfc|=0.2%
|Vhpfc|=0.4%
|Vhpfc|=0.6%
|Vhpfc|=0.8%
|Vhpfc|=1%

115
Hot Spot Temp. (Degree)

Transformer Harmonic Loss (pu)

7.5

114
113
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5.5
111

0

50

100

150
200
250
Vhpfc angle (Degree)

300
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Figure 8. Power loss of transformer 5-6 by the HPFC
control.

110
0

50

100

150
200
250
Vhpfc angle (Degree)

300

350

Figure 9. Hot spot temperature of transformer 5-6 by the
HPFC control.

The results show that at normal conditions and when no HPFC is used, FAA increases about 30% because
of the harmonics. If the HPFC is used properly, the life span reduction of the transformer can be prevented.

4. HPFC control algorithm
The same as a DVR [18,19], the size and complexity of an HPFC depend on the magnitude and phase angle
of the series injected harmonic voltage Vhpf c . Several harmonic voltage injection strategies can be considered,
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Aging Acceleration Factor of Trans 5−6
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1.6
1.5
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1
0

50
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Vhpfc angle (Degree)

300

350

Figure 10. FAA of transformer 5-6 by the HPFC control.

and depending on the active/reactive/harmonic power exchange between the line and the HPFC, the structure
and size of the HPFC will change. Since an HPFC may be used in a loop network, it may not be suitable to
use the terms load or source side voltage as in the case of a DVR or a series active power filter. Therefore, from
now on, the new terms of bus and line sides are used for an HPFC. Figure 11 shows a general block diagram
of the control method of the HPFC. It is worth mentioning that in the current manuscript, the performance of
the HPFC is evaluated based on an open-loop control strategy. This implies that the harmonic profile of the
network is assumed unchanged.

ne t work

V sh /I h

Calculat ing
ne t work global
harm onic indice s

De t e rm inat ion of t he
HPFC(s) out put signal
(Mag.+Angle )

V hpfc
< V hpfc

+

-

HPFC Cont rol
Syst e m

HPFC
Inve rt e r

Figure 11. HPFC general control block diagram.

In the following subsections, two control methods are explained. The parameters used in this section are
as follows:
Zh : Harmonic impedance of the HPFC line,
Vsh : Bus-side harmonic voltage before and after HPFC injection,
Vrh0 / Vrh : Line-side harmonic voltage before/after HPFC injection,
Ih0 / Ih : Line harmonic current before/after HPFC injection, and
Vhpf c : HPFC injected harmonic voltage.
The bus-side harmonic voltage ( Vsh ) is assumed to be unchanged. The injected harmonic voltage Vhpf c
is such that the magnitude of Vrh0 before and after the injection remains the same.
4.1. Minimum apparent power (MAPI) method
In this method, the injected harmonic voltage Vhpf c is such that the rating of the HPFC is minimized. To
achieve this, the injected harmonic voltage ( Vhpf c ) must be as low as possible. This results in an injection
signal in-phase with Vrh as shown in Figure 12. In this diagram, the dashed-line circle is the locus of Vrh
−
→ −−−→
considering that Zh .Ih + Vhpf c is constant. The other circle shows the locus of Vrh that is the same as Vrh0 .
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It is assumed that θh remains constant. For this purpose, the intersection of these curves will be the desired
Vhpf c . The following derivations based on Figure 12 describe this method.

Vhpfc<φh
h
Vr h
Vr 0
Vr h

I h <θ

h

Vsh

I h 0<

Zh

.I h

Z h .I h0

θh

Figure 12. HPFC control vector diagram in MAPI method.

−→ −−→
−
→
Vrh = VSh + Zh .Ih = VSh + (Rh + jXh ) Ih (cosθh + jsinθh ) =
[VSh + Rh .Ih .cosθh − Xh .Ih .sinθh ] + j [Xh .Ih .cosθh + Rh .Ih .sinθh ] .

(4)

In these equations, Vsh and Vrh are the harmonic voltage vectors of the bus-side and line-side respectively.
Also, Rh , Xh and Zh are the resistance, reactance and impedance of the line in which the HPFC is installed.
It is assumed that the HPFC decreases the line harmonic current by a factor of Khpf c (%).

|Vhpf c | = |Vrho | −

rn
o
2
2
[VSh + Rh .Ih .cosθh − Xh .Ih .sinθh ] + [Xh .Ih .cosθh + Rh .Ih .sinθh ]

αh = ∢Vhpf c = tan

−1



[Xh .Ih .cosθh + Rh .Ih .sinθh ]
[VS + Rh .Ih .cosθh − Xh .Ih .sinθh ]

(5)


.

Therefore, based on (5), the value and angle of Vhpf c can be found as:

|Vhpf c | = |Vrho | −

rn
o
2
2
[VSh + Rh .Ih .cosθh − Xh .Ih .sinθh ] + [Xh .Ih .cosθh + Rh .Ih .sinθh ] .

αh = ∢Vhpf c = tan−1



[Xh .Ih .cosθh + Rh .Ih .sinθh ]
[VS + Rh .Ih .cosθh − Xh .Ih .sinθh ]

(6)


.

(7)

To investigate the effect of the MAPI control method on the performance of the HPFC, an HPFC is
installed in line 1-2. In MAPI control method, the magnitude and angle of the injected harmonic voltage
depend on the line current harmonic angle. Therefore, in this simulation, the angle of the line current harmonic
is changed from 0 ◦ to 360 ◦ . Figures 13 and 14 show the magnitude and angle of the HPFC signal for different
values of Khpf c . The loading of the HPFC is shown in Figure 15. Figure 16 shows the the harmonic active
power exchange between the HPFC and the network.
In the MAPI control method, harmonic apparent and active power exchange between the HPFC and line
depend on Khpf c . In this method, the HPFC needs a power supply unit to feed the required harmonic active
power. In spite of the complexity of the HPFC structure, the rating of the HPFC is minimum.
2593

MEHRI and MOKHTARI/Turk J Elec Eng & Comp Sci

HPFC Magnitude Value−MAPI

HPFC Angle-MAPI

0.2

0.14
0.12

|Khpfc|=5%
|Khpfc|=10%
|Khpfc|=15%
|Khpfc|=20%
|Khpfc|=25%
|Khpfc|=30%

150
HPFC Angle (Degree)

0.16

|Vhpfc(%)|

200

|Khpfc|=5%
|Khpfc|=10%
|Khpfc|=15%
|Khpfc|=20%
|Khpfc|=25%
|Khpfc|=30%

0.18

0.1
0.08
0.06

100

50

0.04

0

0.02
0

0

50

100

150

200

250

300

-50
0

350

50

Line Current Harmonic Angle(Degree)

Figure 13. Magnitude of Vhpfc for different line current
harmonic angles in MAPI control method.
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Figure 14. Angle of Vhpfc for different line current harmonic angles in MAPI control method.
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Figure 15. HPFC harmonic apparent power exchange
for different line current harmonic angles in MAPI control
method.
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Figure 16. HPFC harmonic active power exchange for
different line current harmonic angles in MAPI control
method.

4.2. Zero active power (ZAPI) method
Figure 17 shows the vector diagram of the HPFC in the ZAPI control method. In this method, the HPFC
injected harmonic voltage Vhpf c is perpendicular to the harmonic current. Therefore, no harmonic power is
exchanged between the HPFC and the network. The following equations govern the system in this method.
When the receiving bus voltage magnitude before and after injection ( Vrh0 = Vrh ) is equal, the HPFC busbar
voltage range can be calculated as follows:
−−→ −−→
−→
Vrh0 = VSh + Zh .Ih0

−→ −−→
−
→ −−−→
Vrh = VSh + Zh .Ih + Vhpf c = VSh + (Rh + jXh ) Ih (cosθh + jsinθh ) + jVhpf c =
{[VSh + Rh .Ih .cosθh − Xh .Ih .sinθh ] + j [Xh .Ih .cosθh + Rh .Ih .sinθh + Vhpf c ]} .
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V hpfc<φh

Zh

.I h

0

Vr h h
Vr

Vsh

I h<θ h

I h0<θ h

Figure 17. HPFC controlling vector diagram in ZAPI method.

Since Vrh = Vrh0 :
n
o1/2
2
2
=
|Vrho | = [VSh + Rh .Ih0 .cosθh − Xh .Ih0 .sinθh ] + [Xh .Ih0 .cosθh + Rh .Ih0 .sinθh ]
n
o1/2
2
2
[VSh + Rh .Ih .cosθh − Xh .Ih .sinθh ] + [Xh .Ih .cosθh + Rh .Ih .sinθh + Vhpf c ]
.

(10)

Solving (10) yields:
2

|Vhpfc | +B. |Vhpfc | +C = 0.

(11)

B= 2 (Xh .Ih −VSh .sinθh θ ) .

(12)

where B and C are:

2

2

2

2

C = (Rh .Ih ) + (Xh .Ih ) − (Rh .Ih0 ) + (Xh .Ih0 ) + 2.VSh . (Ih − Ih0 ) .(Rh .cosθh − Xh .sinθh ).

(13)

To investigate the effect of the ZAPI control method on the performance of the HPFC, similar to the
MAPI control method, an HPFC is installed in line 1-2. In this control method, the magnitude and angle of the
injected voltage harmonic depend on the current harmonic angle. Therefore, the same as the previous control
method, the angle of the line current harmonic is changed from 0 ◦ to 360 ◦ .
Figure 18 shows the variation of the harmonic apparent power flow between the HPFC and the network.
Figure 19 shows that active power of the HPFC is negligible. Therefore, in ZAPI, at specific values of the
HPFC, the active harmonic power of the HPFC is approximately zero.
In the ZAPI control method, the harmonic apparent power exchange between the HPFC and line depends
on Khpf c . In this method, HPFC structure is simple because the active power of the HPFC is approximately
zero. However, the rating of the HPFC is higher than it is in the MAPI method.
Figure 20 shows the locus of the amplitude of the HPFC versus its angle in ZAPI control method (HPFC
is installed in line 4-7). This figure shows that for ZAPI control method, the amplitude and angle of the HPFC
depend on each other.
Figure 21 shows the harmonic apparent/reactive/active power of the HPFC in ZAPI control method.
Simulation results show that no active power is exchanged between the HPFC and the network in this method.
Figure 22 shows the HPFC line harmonic current variation and the HPFC harmonic reactive power versus
the HPFC amplitude in ZAPI control method. This graphs show that the HPFC amplitude is limited by the
degree of harmonic current control and the HPFC capacity.
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Figure 18. HPFC harmonic apparent power exchange
for different line current harmonic angles in ZAPI control
method.
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different line current harmonic angles in ZAPI control
method.
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Figure 20. Locus of HPFC amplitude angle in ZAPI control method.
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Figure 21. Harmonic apparent, reactive and active power of HPFC in ZAPI.
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Figure 22. HPFC line harmonic current variation and HPFC harmonic reactive power versus HPFC value in ZAPI
control method (I0 is HPFC current before HPFC installation).

5. Simulation for a real network
The performance of the HPFC is evaluated in a real network, i.e. Iran north-west transmission system. Harmonic
measurements have been performed at different locations in the Iran NW transmission system using HIOKI
3196 power quality analyzer. Figures 23 through 26 show the harmonic measurement at buses 1 through 4 for
a one-day period with 10-min sampling intervals. As it can be seen, the 5th harmonic level is above IEEE 519
Std. limit (i.e. 1 %) during most of the measurement period. The objective in this case is to use an HPFC to
change the harmonic impedance and accordingly alter harmonic flows such that the 5th harmonic level at bus
3 is decreased.
5th Voltage harmonic measurments-bus 1 (HIOKI 3196)
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Figure 23. 5th harmonic voltage measurements at bus 1.
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Figure 24. 5th harmonic voltage measurements at bus 2.
5th Voltage harmonic measurments-bus 4 (HIOKI 3196)
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Figure 25. 5th harmonic voltage measurements at bus 3.
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Figure 26. 5th harmonic voltage measurements at bus 4.

To design the HPFC, first the system model must be derived. The network is modeled at 400 kV and 230
kV voltage levels with 28 busbars (Figure 27). The harmonic voltage at busbar No. 3 is 4.3% which has caused
complications in the network. To overcome the complications, the harmonic voltage needs to be decreased by a
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factor of 1/2 . In this regard, an HPFC is installed in line 2-4 and controlled using MAPI and ZAPI methods.
HPFC system parameters are given in Table 2. The control settings and the HPFC capacity for each method are
expressed in Table 3. As one can observe, the control schemes ZAPI and MAPI require 2.3 MVA and 1.63 MVA
capacities for the HPFC, respectively. The effect of installing an HPFC in this line on the harmonic voltage
at different busbars using these methods is depicted in Figure 28. It is evident that the harmonic voltage at
busbar 3 is decreased by 50 % using both methods. Figure 28 also shows that at most of the busbars the 5th
harmonic voltage is decreased.
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Figure 27. Iran north-west transmission system single-line diagram.

Table 2. HPFC parameters and rated values.

Sh,rated (pu)
0.05

Vrated (kV )
400

Vh,rated (pu)
0.05

Table 3. HPFC capacity and control settings using ZAPI and MAPI methods.

Method
ZAPI
MAPI

|Vhpf c |(pu)
0.0326
0.032

∠Vhpf c (◦ )
208
36.9

V h(3)/V h0(3)
0.4979
0.5005

Shpf c (pu)
0.0230
0.0163

Qhpf c (pu)
0.0230
0.0159

Phpf c (pu)
0.0000
0.0036

6. Discussions
As one can see, the HPFC provides a new tool for the control of harmonic flow in a large and nonradial power
system which may/may not have an active power exchange with the network. The use of an HPFC with/without
active power exchange has to do with the size and performance of the HPFC. This concept can be compared to
that of a DVR. In a DVR, different injection strategies may be employed. If the objective is to minimize the
size of the DVR from the rating point of view, then the method of energy-minimized compensation is preferred.
The drawback of this method is that there will be a phase-jump between the presag and postsag voltages which
may not be desirable in the loads sensitive to the supply phase. In the energy-minimized compensation control
of a DVR, no active power is exchanged between the DVR and the network. However, if the objective is to
compensate the sag such that the load will not see a phase-jump, then the method of presag compensation is
preferred. The trade-off of this method is the size of the DVR and active-power exchange between the DVR
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Figure 28. Ratio of harmonic voltage at Iran north-west busbars after installation of an HPFC in line 2-4 with ZAPI
and MAPI control methods.

and the network [21, 22]. The same concept also applies here. If the harmonic objective function is to be
achieved with an HPFC of minimum rating, then the trade-off is the need of power storage component. If one
prefers not to have an energy storage, then an HPFC with a higher rating must be used. It is clear that a cost
optimization-strategy may also be needed to be explored. Similar to the presag/in-phase control of a DVR, an
HPFC can be controlled in such a way that an active power is exchanged between the HPFC and the system.
Note that in the case of an HPFC, the injected voltage is a harmonic term, and therefore, the exchange of power
occurs at a harmonic frequency. In this case, the size of the HPFC may be minimum, but the dc link of the
HPFC needs to have an energy storage system. If an HPFC is controlled such that no active power is exchanged
between the HPFC and the grid, no energy storage system or no extra VSC is required. This can be compared
to the energy-minimized compensation method of a DVR. In this method, no energy storage is needed, but
the size of the HPFC is not minimal. Although in the current manuscript, the performance of the HPFC is
evaluated based on an open-loop control strategy, the HPFC can also be equipped with a control system which
enables harmonic flow in nonstationary harmonic environments. If the harmonic profile of the network is of fast
changing behavior, then to achieve the best solution is to have closed loop control algorithm. If the harmonic
profile does not change rapidly, then an open-loop strategy can be a better and cheaper solution. It is worth
nothing that closed-loop control of an HPFC (or a network of several HPFCs) may require data transfer from
different locations in a power system.
In this manuscript, the performance of one HPFC at a specific location is studied. In practice, the
location of the HPFC as well as the magnitude and the angle of the injected voltage can be optimally selected
to achieve the best results. It may also visible to use more than one HPFC in a power network to achieve the
best harmonic environment. Therefore, the problem looks like a multilateral one, which requires an optimization
with respect to several parameters.
7. Conclusion
In this paper, a novel method for the control of harmonics at a system level is proposed. The harmonic levels in
MV/HV systems, which are due to inefficient filtering at load sides or possible harmonic resonances, are reduced
by controlling the harmonic flow in the system. The flow control is performed by using a conventional series
active power filter, but controlled with a different strategy. The active filter which controls the harmonic power
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(current) flow in the network is named HPFC. By using the HPFC, harmonic voltages can be controlled by
redirecting harmonic power (current) in the network. The HPFC is a device similar to a DVR, which is installed
in series with the network elements such as lines, transformers, capacitors, filters and generators. The HPFC
regulates the harmonic current flow in these elements by injecting a series harmonic voltage. In this paper, two
local control methods based on local parameters, namely MAPI and ZAPI, are proposed. Simulation results
show that in the MAPI control method, the HPFC rated capacity will be minimal, and the active power exchange
between the HPFC and network will be negligible by the ZAPI control method. To show the applicability of
the proposed harmonic control method, an HPFC is designed for a real case, i.e. Iran NW transmission system.
Harmonic measurements show a high level of the 5th harmonic in this system. It is shown that designing an
appropriate HPFC for Iran NW transmission system can effectively reduce the harmonic levels.
8. Future works
The main objective of this paper in this very first work is to open a new chapter of harmonic mitigation studies
based on a new idea of harmonic-flow control by injecting harmonic signals into a network. This conceptual
introduction assumes only one HPFC at one location in a stationary harmonic environment. However, many
new ideas arise following this introduction some of which are summarized below. Since the place of the HPFC
as well as the magnitude/angle of the injected signal can change the performance of the overall system, one can
define a cost function composed of these three parameters, i.e. location of the HPFC, magnitude and angle of the
injected signal. Minimizing this cost function can result in a more harmonic standard compliant system. One
can also propose to use more than one HPFC or use of several HPFCs with lower ratings at different locations
in a power network to come up with a better harmonic situation. Having said that, a new chapter of locating
optimization arises. This issue along with the fact that it is preferred to use a minimum no. of HPFC devices to
reduce the costs brings up a new chapter of determining a minimum no. of HPFCs at optimal locations which
result in the best harmonic situation from standards point of view. If the harmonic profile of the network is of
fast changing behavior, then to achieve the best solution is to have closed loop control algorithm. Therefore, one
future work would be to design a closed-loop harmonic control system which, of course, is a challenging issue
due to the fact that the reference signals are not of dc type. Although, this paper introduces the application
of HPFC for just one harmonic, the concept can be further extended to more than one harmonic. This matter
brings up several all the other concerns explained above.
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